INTRODUCTION
A major milestone was reached in the operational detection of severe weather when the hook echo was first observed by radar and shown to be associated with tornadogenesis (Stout and Huff 1953, Forbes 1981) . Subsequent studies examining radial velocities based on Doppler radars measurements were able to resolve the mesocyclone and the tornadic-vortex signature (TVS) which are associated with the parent circulation of tornadoes and the tornado, respectively (e.g., Brown et al. 1978) . More recently, successful intercepts of supercell storms with mobile Doppler radars have provided unprecedented, close-up views of the structure of the hook echo and the intense circulation within and surrounding the tornado (e.g., Bluestein et al. 1993 Bluestein et al. , 1997 Bluestein et al. , 2004 Wurman and Gill 2000; Alexander and Wurman 2005; Wurman et al. 2007a&b) . One of the characteristics features within the hook echo is the weakecho hole (WEH), first documented by Fujita (1981) . The WEH appears inside the tornado core and is surrounded by a high-reflectivity tube that is wider that the tornado (e.g., Fujita 1981 , Wurman et al. 1996 , Wakimoto et al. 1996 , Wurman and Gill 2000 , Bluestein et al. 2004 and is likely caused by the centrifuging of hydrometeors and debris (Dowell et al. 2005) .
While these past studies have collected a plethora of data on the echo structure and velocity fields in tornadoes, careful analysis of pictures taken at the same time have been relatively rare (Bluestein et al. 1993 (Bluestein et al. , 1997 (Bluestein et al. , 2004 Wakimoto et al. 2003) . Photogrammetric analysis is important since it provides quantitative information about the tornado (e.g., condensation funnel width) that cannot be accurately determined using a Doppler radar. In addition, few studies have attempted to merge Doppler radar data with tornado photographs. Wakimoto et al. (2003) , Dowell et al. (2005) , and Rasmussen and Straka (2007) superimposed interpolated radar reflectivity and Doppler velocity data onto a picture of the tornado but only for a single time. Wakimoto and Martner (1992) provided a photogrammetric and Doppler radar analysis of the entire life cycle of a Colorado tornado, however, it was associated with a non-supercell storm (i.e., the storm was not associated with a mesocyclone).
This paper presents an analysis of a tornado that developed near LaGrange, Wyoming on 5 June 2009 during the Verification on the Origins of Rotation in Tornadoes Experiment II (VORTEX2). VORTEX2 was a large multiagency field project operated 10 May -13 June 2009 focused on collecting high resolution data on tornadoes and tornadic storms (Bluestein et al. 2009 ). The experiment was unique in that the fleet of instrumentation was mobile during the entire field phase. Facilities included 10 mobile radars, mobile mesonet instrumented vehicles, weather balloon launching vans, photography teams, and other instruments. A number of vehicles traveled over 16,000 km across the southern and central plains while intercepting a number of supercell storms. The primary data set used in this study was collected by the Doppler on Wheels (DOWs).
The LaGrange tornado was scanned by several radars while the evolution of the condensation funnel was captured by a series of photographs. In this paper, singleDoppler radar data are combined with these photographs in an attempt to relate the hook echo, WEH, and rotational couplet to the visual characteristics of the tornado.
2.
DATA COLLECTION AND THE HOOK ECHO Figure 1 shows the initial deployment of DOW6 and DOW7 along a north-south oriented highway in Wyoming in order to collect dual-Doppler data. The radars were separated by ~15 km. Still photographs were taken at the same location as the radars as schematically illustrated in the figure. The hook echo at 4 times based on low-level scans by the DOWs is plotted on the figure. A more complete presentation of the evolution of the hook echo from 2156:08 -2216:07 is shown in Fig. 2 . A WEH is apparent in most of the low-level scans. The center of the rotational couplet that is evident in Fig. 2 was plotted on Fig. 1 and reveals the non-linear path that the circulation followed until it dissipated soon after crossing Highway 85. The motion of the couplet was ~280 o at speeds that ranged between 9.1 -9.6 m s -1 . Accordingly, the azimuths labeled on photos A, B, and C in Fig. 1 reveal that the tornado was heading toward DOW7.
The surrounding terrain was hilly and relatively barren. As a result, the tornado did not cause significant damage which was confirmed based on a post-storm survey. A ground survey on 6 June followed by an aerial survey on 8 June, however, revealed a few downed trees, broken branches, and snapped telephone poles as shown in Fig. 1 . The documented damage and radial velocities recorded by the DOWs resulted in EF2 rating for this tornado by the National Weather Service. The ground and aerial survey identified tornadic damage at ~2152 (Fig. 1 ) well before the appearance of a funnel cloud. The operators of the DOW7 radar, independently, reported tornadogenesis at 2152 based on the strength of the rotation couplet compared with numerous past intercepts of tornadic storms.
The locations of four photographs taken of the tornado (Fig. 1 ) are shown by letter identifies along the track. As previously mentioned, azimuth-and elevationangle grids were superimposed onto all pictures presented in this paper. A difficulty often encountered when comparing storm-intercept photographs are the different camera locations, focal length of the lens, and varying distances to the tornado. These factors can lead to erroneous perceived changes in the funnel width, for example. The superimposed photogrammetric angles on the pictures and the exact radial distance to the tornado based on the radar data provided a solution to this problem. This information was used to either enlarge or reduce the pictures so that the relative dimensions of the tornado were equal as shown in Fig. 1 and other figures presented in this paper. These adjustments allow for a direct comparison of the tornado dimensions between photos. The largest funnel width at 2209:58 was ~600 m just below cloud base in Fig. 1. 
VERTICAL CROSS SECTIONS THROUGH THE TORNADO
The high-resolution radar data was combined with a series of still photographs in an attempt to document the evolution of the tornado's visual structure in relation to the radar reflectivity and Doppler velocity fields. The range to the rotational couplet was determined using single-Doppler velocity data from DOW7. At these ranges, which in some cases varied by a few range rates at different elevation angles, pseudo-vertical cross sections were assembled through the center of the WEH and the rotational couplet. These cross sections are along curved surfaces (i.e., constant range) as shown in Fig. 2 . The first analysis time was at ~2156 and the last analysis time was ~2217. a.
2156:08-2156:45
Two series of cross sections were created for each radar volume scan. One was based on a wide-angle view of the visual features below cloud base and second was a magnified view that would reveal the details of the developing and mature stages of the tornadic circulation. The wall cloud and a funnel aloft are apparent during the first volume scan at 2156:08-2156:45 (Fig. 3) . The southern edge (left in the picture) of the wall cloud was ~400 m below cloud base and the lower tip of the funnel was ~200 m above ground level (AGL; hereafter, all heights are AGL). A rain shaft was located north of the funnel cloud (281 o -283 o azimuth) and was embedded in radar reflectivity >50 dBZ. The location of the curtain of precipitation that connects the hook echo with the main storm is shown (label "X") in Figs. 2a and 3b . This curtain is positioned near the southern edge of the wall cloud (Fig. 3b) where precipitation was not visually apparent even though the values of radar reflectivity were between 40-50 dBZ. This observation suggests that the echo return could have been a result of a sparse collection of large hydrometeors.
An enlargement of the analysis at 2156:08-2156:45 centered on the funnel cloud is shown in Fig.  4 . The positions of the raw values of radar reflectivity and Doppler velocity are plotted as dots on Figs. 4a and b. Estimating the resolvable scales is important in the present case since the hook echo was approaching the DOW7 radar (Fig. 1) . Accordingly, the DOW7 radar beamwidth has been added to all vertical cross sections shown in this section.
b.
2206:10-2206:46
The azimuthal shear began to increase dramatically after ~2205 and was accompanied by the development of a funnel cloud that reached the surface (Fig. 5) . The visual appearance of the precipitation encompassing the funnel (Fig. 5) is consistent with the tube of high reflectivity surrounding the WEH (Figs. 2e  and 5b) . Note that the 50 dBZ isopleths are >1 km from the funnel and are located near the north and south edges of the precipitation shaft. The diameter of WEH (~600 m) was much larger than the funnel. The region of radar reflectivity <15 dBZ extends to a higher altitude suggesting that centrifuging of hydrometeors increased owing to stronger rotation. A major structural change within the WEH near the surface has occurred during this time. The radar reflectivities are now greater 20 dBZ and the minimum radar reflectivities denoted by the 15 dBZ contour are now aloft (the minimum reflectivities were located at the surface at earlier analysis times). This increase in echo intensity at low levels may have been a result of lofted debris from the surface although none was visual apparent in the photograph. The strongest circulation associated with the tornado is concentrated in the lowest few hundred meters as indicated by the intense positive and negative values of Doppler velocity (Figs. 5c and 6b ). The tornado is embedded in heavy precipitation as shown in the wide-angle photograph taken at 2211:58 (Fig. 7) . There is good agreement between the precipitation seen in the photograph and the superimposed echo associated with hook echo (Figs. 2h and 7b) . Note the agreement of the slope of the isopleths of radar reflectivity between 267 o -271 o and the precipitation shaft in the same region. The increase of the radar reflectivity within the WEH at low levels has continued with echoes >45 dBZ centered at the location of the funnel (Figs. 7b  and 8a ). The resultant structure can be described as a couplet of high/low radar reflectivity in the vertical. This increase in echo return within the WEH with time can also be seen by comparing the low-level scans shown in Figs. 2f-j. This is, once again, suggestive of debris being lofted from the ground (debris does seem to be apparent from 281 o -282 o in Fig. 8a ).
The rotational couplet at low levels continues to intensify with velocities now <-50 ms -1 and >30 m s -1 toward and away from the radar, respectively (Figs. 7c and 8b). The rotational speeds first decrease above this level before increasing in strength between 5 o -6 o in elevation angle (Fig. 8b) .
d.
Double ring structure within the hook echo Wurman and Gill (2000) were among the first to report a double ring structure within a hook echo. They proposed that the inner ring was associated with debris lofted from the ground while the outer ring was associated with precipitation. Additional reports in the literature of a double ring structure include Wurman et al. (2007a) and Tanamachi et al. (2007) . Bluestein et al. (2007b) used dual-polarization measurements at X-band to show that the inner ring of a hook echo was likely the result of debris particles.
DOW7 recorded a double ring structure in the low-level scans of the LaGrange tornado from 2216:51-2217:06 (Fig. 9a) . The scan at 2 o clearly shows an inner ring with a small WEH embedded within the larger hook echo and the funnel cloud. The small WEH is not apparent at 0.5 o . The velocity differential across the tornado was ~105 m s -1 at this time (Fig. 9d) . The weak echo trench surrounding the inner ring is denoted by the letter identifiers in Figs. 9a and c. There is a reduction in the diameter of this trench with increasing height (the radar did not scan the tornado at the 3 o and 4 o elevation angles). It appears that debris, visually apparent between 272 o -278 o (Fig. 9b) , is associated with radar reflectivities >45 dBZ. Dowell et al. (2005) proposed that lofted debris and hydrometeors exhibit outward motion within a matter of a few tens of seconds. This results in a decrease in their number concentration within the tornado core (i.e., the appearance of a WEH) and increases their concentration somewhat outside the core. This scenario would describe the echo pattern shown in Fig. 9c .
.
SUMMARY AND DISCUSSION
The current study presents a single-Doppler radar analysis combined with cloud photography of the LaGrange tornado on 5 June 2009 in an attempt to relate the hook echo, weak-echo hole (WEH), and rotational couplet to the visual characteristics of the tornado. The DOW radars set up out ahead of the supercell storm along a north-south highway. The radars collected high resolution data on the wall cloud and the tornado. The tornado damage was not extensive based on a poststorm survey and led to EF2 rating. Tornadogenesis is believed to have occurred at 2152 based on the confirmed tornadic damage at the ground combined with the singleDoppler velocities within the rotational couplet observed by the DOW radar.
A WEH within the hook echo began to form at 2158 and was clearly apparent by 2200 before the appearance of a funnel cloud. Dowell et al. (2005) proposed that a distinctive tornadic signature is the presence of a WEH within the hook and a tube of high reflectivity that is tapered near the surface. The tornado is often associated with higher reflectivity near the surface. In contrast, Bluestein et al. (2004) described a pear-shaped echo structure near the surface. In addition, bulges in the WEH have been reported by Bluestein et al. (2007a) .
The echo pattern through the hook echo on 5 June undergoes a dramatic evolution. Initially, the minimum radar reflectivities are near the surface (<15 dBZ) and the WEH does not suggest a tapered structure near the ground. Subsequently, higher reflectivities appear near the surface when the funnel cloud makes "contact" with the ground. During one analysis time, the increase of the radar reflectivity within the WEH at low levels results in a couplet of high/low radar reflectivity in the vertical. This increase in echo at low levels is believed to be associated with lofted debris although none was visibly apparent until the last analysis time. The WEH was nominally wider that the visible funnel cloud.
The data set provided the first detailed analysis of the double ring structure within a hook echo that has been reported in a several studies. The inner high reflectivity region is believed to be a result of lofted debris.
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